Normal placentation occurs under low oxygen tensions yet hypoxia is also implicated in placental pathologies such as pre-eclampsia (PE). Hypoxia-inducible factors (HIFs), adenosine and tissue renin-angiotensin-system (RAS) are known to promote angiogenesis and vascularisation. We hypothesised that placental adenosine A2AR receptor and HIF-1α would change through pregnancy in association with the RAS. Placentae were obtained from women undergoing elective surgical termination of pregnancy (TOP) at ≤10 weeks' (early TOP) and >10 weeks' (mid TOP) gestations; at delivery from normotensive (NT) and PE pregnancy. Results were compared to our previously reported data on the angiotensin receptors: AT1R, AT2R and AT4R.
Introduction
Adenosine modulates a number of physiological processes including promotion of angiogenesis, cell proliferation, inflammation, regulation of vascular tone and protection against oxidative stress [1] : hypoxia stimulates release of adenosine [2] . Normal placentation develops under low oxygen conditions [3] with oxygen sensing hypoxia-inducible factors (HIFs) regulating the transcription of genes that participate in angiogenesis and invasion enhancing vascularization.
Both angiotensin peptides, AngII and AngIV, acting through receptors AT2R and AT4R, have similar effects to adenosine in promoting angiogenesis, proliferation, inflammation and protection against oxidative stress [4] . In early pregnancy both AT2R and AT4R are highly expressed, contributing to normal placental development [5] including extravillious trophoblast invasion [6] .
In PE, where impaired placentation leads to an inadequate feto-placental circulation and increased oxidative stress, maternal and umbilical venous adenosine [7] and placental HIF-1α concentrations [8, 9] are raised as is placental AT1R expression [6] whilst conversely, AT4R expression is reduced [6] .
The aims of this study were to 1) demonstrate the presence and distribution of the A2AR and HIF-1α in early TOP (8-10 weeks gestational age) when placental oxygen tension is low,mid (12-14 weeks gestational age) after spiral artery blood flow is established and at term in NT and PE placentae. 2) To relate these to the angiotensin receptors known to be involved in placentation.
Methods
After local Ethical Committee approval and with appropriate informed consent, placental tissue identified by its macroscopic appearance, was dissected from products of conception obtained from women undergoing elective surgical termination of pregnancy (TOP) at [8] [9] [10] weeks (early TOP; n = 8; gestational age 8.8 ± 0.9 weeks [Mean ± S.D.]) and 12-14 weeks' gestational age (mid TOP; n = 11; gestational age 12.7 ± 1.0 weeks). Placental samples were also taken at delivery in the third trimester from 11 women with normotensive pregnancy (39.1 ± 1.4 weeks) and 10 women with PE (37.6 ± 2.6 weeks) who underwent Caesarean section prior to labour. We compared these observations with angiotensin receptor data previously obtained in these samples using identical methodology [6] .
Immunohistochemical staining was performed using rabbit polyclonal antibodies (A2AR and HIF-1α (10 µg/ml), as previously described [6] . Rabbit IgG was used as negative controls.
All slides were assessed by the same observer and quantified using the Positive Pixel Algorithm of Aperio ImageScope software [6, 10] .
Results
Both A2AR (Fig.1A) and HIF-1α (Fig. 1B) proteins were confined to villous syncytiotrophoblasts and cytotrophoblasts with immunochemical intensity being stronger in the syncytiotrophoblast outer layer of the villi than in the underlying cytotrophoblast layer.
Expression of both proteins was highest at 8-10 weeks gestation, decreasing at 12-14 weeks, and falling further to term in normotensive placentae (P<0.0001 for all; Fig. 1 ). However, for both proteins, placental expression was similar in placentae from mid-TOP and PE P>0.05).
Moreover, both proteins were higher in PE compared to controls (P<0.001). A very strong positive correlation was found between A2AR and HIF-1α in all groups overall throughout pregnancy (r = 0.85; P < 0.0001).
The protein expression of the RAS receptors has previously been reported [6] . Positive correlations were observed between A2AR and both AT2R (r = 0.52; P=0.033) and AT4R (r = 0.55; P=0.023) in placentae obtained before 20 weeks' gestation. However, AT2R and AT4R expression were themselves strongly correlated at this gestational age (r = 0.485; P<0.002) and partial correlation analysis showed A2AR to be significantly correlated only with AT4R expression (r = 0.53; P=0.035; Fig. 2 ). No such correlation was found for the term normotensive or pre-eclamptic pregnancies. Placental expression of HIF-1α was independent of RAS receptor expression at all gestations.
Discussion
This study demonstrates the expression and cellular localisation of both A2AR and HIF-1α spanning first trimester to term. We uniquely report a strong correlation between these proteins over this period. The higher expression of A2AR and HIF-1α in PE, despite similar gestational ages to the NT pregnancies, suggests that this association is not purely a developmental phenomenon, but related to tissue oxygen status. The correlation between A2AR with the angiotensin receptor -AT4R raises the possibility of a novel interaction of adenosine and the RAS during early placentation. AT4R has already been implicated in the regulation of blood flow [11] , being present in both endothelial [12] and smooth muscle cells [13] . Moreover, chronic hypoxia upregulates AT4R in the carotid body [14] , with an increase in AngIV-induced intracellular [Ca 2+ ]. Interestingly, adenosine also raises intracellular [Ca 2+ ] via cyclic AMP under these conditions. Of note, activation of AT4R can produce endogenous vasodilatory nitric oxide via activation of endothelial nitric oxide synthase (eNOS) [15] and likewise, adenosine increases nitric oxide synthesis from feto-placental endothelium [16, 17] .
The loss of the correlation between A2AR and AT4R in the term samples, whether NT or PE, is suggestive of a specific interaction during placental growth.
There are a number of possible mechanisms to explore and future work is required to fully characterise the functional impact of A2AR, AT2R and AT4R both in early placental development and in relation to PE. 
